Dark matter annihilations have been fiercely restricted by the nonobservation of excess events in indirect detection probes. Typically the interactions that dictate annihilation are also present in the dark matter-nucleon scattering cross section, also severely constrained by direct detection experiments. Semi-annihilations arise as a possible way to ameliorate the tension and even change the standard dark matter relic density calculation. In this work, we derive indirect detection bounds for several semi-annihilation channels including gauge bosons, the Higgs, leptophilic and leptophobic scalars. Our analysis is based on the gamma-ray observations in the direction of Dwarf Spheroidal Galaxies (Fermi-LAT) and the Galactic Center (H.E.S.S.), and Planck measurements of Cosmic Background Radiation. In addition, we derive the prospects for the Cherenkov Telescope Array sensitivity (CTA) to all these semiannihilations modes.
Introduction
The presence of an abundant non-baryonic dark matter component in our universe is one of the most exciting phenomena in nature [1] . Its presence has been established through a variety of independent observations [2] [3] [4] . Dark matter is key to the evolution of our universe and the formation of galaxies as we know it [5] . Therefore, it is important to unveil its nature. Basically, all astrophysical attempts to account for dark matter in our universe have failed, leaving one compelling option behind, an elementary particle.
Interpreting dark matter in terms of elementary particles requires physics beyond the Standard Model. The Standard Model (SM) does not have any particle that could fulfill all the requirements to play the role of dark matter. Several dark matter candidates have been proposed [6] , and the most theoretically appealing are the WIMPs (Weakly Interacting Massive Particles) [7] . Dark matter models that feature WIMPs suffer from severe bounds from direct and indirect detection experiments [8] [9] [10] [11] [12] [13] [14] [15] [16] . In vanilla dark matter models, dark matter abundance is set by the dark matter annihilation cross section, where the WIMP self-annihilates producing SM particles, χχ → SM SM [7] . Typically the parameters that govern the dark matter self-annihilation also dictate the dark matter-nucleon scattering cross section, which is severely restricted by direct detection experiments. It is worth noting that one easy way to weaken the direct detection bounds is by increasing the dark matter mass since the direct detection bounds are proportional to the number density of dark matter particles.
Different methods have surfaced to weaken the relation between the dark matter annihilation cross section and the scattering cross section. Models that feature large coannihilations [17] , secluded annihilations [18] [19] [20] , semi-annihilations [21] [22] [23] [24] [25] and nonthermal production [26, 27] are among the most popular mechanism to untie direct detection observables to the dark matter relic density.
In this work, we will focus on semi-annihilations. In a dark matter model, there might be several particles that live in the dark sector. Differently from coannihilation and annihilation processes, where only SM particles are present in the final state, semi-annihilations refer to annihilations where three particles from the dark sector appear in the final state. This alters the Boltzmann equation which controls the overall dark matter abundance [28] . Moreover, in some cases, there can be basically no direct detection signals, explaining the absence of solid positive signals in direct detection experiments. This strengthens the role of indirect detection probes.
Indirect detection experiments such as Fermi-LAT, H.E.S.S., among others, have not provided their sensitivity semi-annihilations. Motivated by the theoretical relevance of semi-annihilations and the absence of indirect detection limits on them, we derive in this work bounds on the semi-annihilation cross section for a variety of setups. In particular, we use the gamma-ray observation from Fermi-LAT and H.E.S.S. telescopes in the direction of Dwarf Spheroidal Galaxies (dSphs) and the Galactic Center, respectively. Furthermore, we use the Planck satellite measurements on the Cosmic Microwave Background (CMB) to constrain semi-annihilations processes. Thus, we use two completely different datasets to constrain semi-annihilations. Lastly, we obtain the Cherenkov Telescope Array (CTA) sensitivity to semi-annihilations having in mind that CTA will be the most sensitive gamma-ray telescope to dark matter masses below 10 TeV.
Our work is structured as follows: In Section 2 we describe the type of semiannihilations we will investigate; in section 3 we discuss the datasets; in section 4 we present our results and later conclude.
Semi-Annihilation Dark Matter
Dark matter particles should be stable at cosmological scales, with a lifetime much larger than the age of the universe [29] [30] [31] [32] [33] [34] . The stability of the dark matter particle is usually guaranteed by a discrete Z 2 symmetry. In such models semi-annihilations are absent, and indirect detection bounds on the dark matter self-annihilation cross section have been placed [35] [36] [37] [38] . However, if larger symmetries are behind the dark matter stability, semi-annihilations can be very important as it happens in models with Z 3 , Z 4 symmetries and in more complex dark sectors [39] [40] [41] [42] [43] [44] [45] .
Generally speaking semi-annihilations refer to processes of type χ 1 +χ 2 → χ 3 +X, where X can either be a SM particle or not.
In principle χ 1 , χ 2 , χ 3 represent different particles. It is well-known that in case χ 1 is different from χ 2 , i.e., they are coannihilating particles, the dark matter relic density can be changed if the mass splitting is small. However, indirect detection probes semiannihilations today, a period where all coannihilating particles have already decayed away. Therefore, it is natural to assume that χ 1 , χ 2 and χ 3 represent only one particle, the dark matter, DM . From now on will use the label DM to refer to the dark matter particle.
That said, the accompanying particle, X, can be either a scalar or a vector. The dark matter mass and possible decay channels for X will determine which indirect detection experiment is more sensitive. For this reason, our analyses will be based on different data-sets and experiments.
There are several semi-annhilation setups to be investigated. Some involved an SM particle in the final state, other involved scalars with particular decay modes. In this scenario, the final state particle is the SM Z or Higgs bosons, h, the branching ratios are fixed. On the other hand, it is possible to choose a non-standard particle in the final state with different decay patterns and mass.
In order to encompass several possibilities in our analyses will investigate:
where h is the SM Higgs boson;
where φ is Higgs-like particle but with different mass, m φ = 10 GeV, 100 GeV, 500 GeV;
where φ is a leptophilic scalar decaying exclusively into e + e − , µ + µ − , τ + τ − ;
where φ is a leptophobic scalar decaying into bb with a 100% branching ratio.
In what follows we will describe the datasets used in our analyses.
Indirect Detection

Gamma-rays
Dark matter indirect detection constitutes an interesting way to probe particle dark matter models. Targets with high-density regions as the Galactic Center and Dwarf Spheroidal Galaxies (dSphs) represent good targets. Dark matter annihilations and semi-annihilations into electrons, positrons, quarks, neutrinos etc., yield lots of gammarays with different energy spectra. Therefore, gamma-ray observations are of the foremost importance. If we understand well the gamma-ray emission from astrophysical objects, we can use this information to probe the presence of dark matter annihilations and semi-annihilations by comparing the expected gamma-ray flux to the measured one since any signal from dark matter interactions will appear as a surplus of gamma-ray emission.
The expected gamma-ray flux coming from dark matter annihilation, DM + DM → SM + SM , where DM represents the dark matter particle and SM the standard model ones, is given by,
where m DM is the DM particle mass, σv is the annihilation cross section, dN γ /dE the gamma-ray spectrum, and J is the J-factor which takes into account all the astrophysical part of the process,
which included an integration over the line-of-sight between the observatory and the source. This factor depends on the dark matter distribution, which we adopted to follow an Einasto profile,
where r is galactic radius, r s = 28.44 kpc is a typical scale radius, ρ s = 0.033 is a typical scale density and, α = 0.17 [46] , that assumes a spherical dark matter distribution in the halo.
As aforementioned, in this work, instead of concentrating on the standard dark matter annihilation setup, DM + DM → SM + SM , we focus on semi-annihilations, DM + DM → DM + X, where X is a neutral particle may belong to the SM spectrum or not. The key difference goes into the energy spectrum since this alters the amount of energy allowed for the particle X. In order to compute the gamma-ray spectrum dN/dE, we use the numerical package Pythia8 [47] . There other spectrum generators in the literature [46] , but they do not allow for the possibility to incorporate the channels sifted here.
With these ingredients at hand, for different choices of the final state annihilation channel, dark matter mass, and semi-annihilation cross section we can compute the gamma-ray flux produced by dark matter interactions to be compared with the experimental data. As far as gamma-rays are concerned we investigate three different datasets:
• Fermi-LAT gamma-ray observations in the direction of dwarf spheroidal galaxies;
• H.E.S.S. gamma-ray observations in the direction of the Galactic Center;
• The Cherenkov Telescope Array projected sensitivity to gamma-rays stemming from the Galactic Center.
We describe these datasets in more detail below.
The Fermi-LAT satellite made one of the most remarkable mappings of the sky in gamma rays, covering an energy range between 500 MeV and 500 GeV [48, 49] . After many years of observations no solid excess has been observed in gamma-rays in the direction of dSphs, and consequently, stringent limits were imposed on the dark matter annihilation cross section for the standard annihilation channels [50] , namely bb, ττ , etc. In this work, we use 6 years of data from 15 dSphs (see Table 1 ), based on the pass 8 event analysis [50] to compute the exclusion limits for dSphs in semiannihilation models. In order to derive robust limits taking into account the error in the J-factors, as shown in Table 1 , we used the likelihood function for a combined analysis of 15 dSphs using the package provided in [51] . If the statistical errors in the J-factors were ignored, more optimistic bounds would have been found. The High Energy Stereoscopic System (H.E.S.S.) gave us a new look at high energy gamma-rays. Its location in Namibia is privileged to look at the Galactic Center. It is currently the most sensitive gamma-ray detector to dark matter masses of about 100 TeV. We use the H.E.S.S. II [59] data 1 in a region of 1 • surrounding the Galactic Center, excluding the region |b| < 0.3 • , due to the high background. Using this data we use again the package [51] to compute the likelihood function following the description in [61] .
The C herenkov Telescope Array (CTA) is an experiment projected to detect highenergy gamma-rays. In order to cover a wide energy range (∼ 60 GeV to ∼ 300 TeV), it is composed by telescopes with different sizes, including small, medium and large-scale telescopes, located at Chile (Southern site) and La Palma (Northern site), in order to cover the entire sky. Based on [62] , we use the combined morphological analysis of the Galactic Center gamma-ray emission in order to compute the projected limits on the dark matter semi-annihilation cross section for several channels. To the best of our knowledge there no sensitivity reach of the CTA to semi-annihilation channels. Using the recipe discussed in the previous section to account for semi-annihilations, we computed the likelihood functions for CTA and we were able to compute the limits on the semi-annihilation cross-section through the statistical test (TS),
where taking T S > 2.71 we get the 95% C.L. exclusion curve. Theμ andμ 0 parameters are related to the best-fit model parameters with dark matter and to the null dark matter hypothesis, respectively,θ the parameters from the background, and D is the experimental data.
After considering three different datasets based on gamma-ray observations, we will outline below an orthogonal probe to semi-annihilation which rely on the precise measurements of the Cosmic Background Radiation.
Cosmic Background Radiation
Products of Dark Matter annihilation during the period of recombination can affect the Cosmic Microwave Background (CMB) anisotropies due to electromagnetic energy injection in the primordial plasma [63] . This energy injection is given by,
where ρ c is the critical density, c is the light velocity, Ω DM is the DM abundance, and z is the redshift, the annihilation parameter (P ann ) is found to be, This energy injection can delay the last scattering surface preventing the formation of the first atoms. In other words, by precisely measuring the CMB power spectrum we can probe particle physics effects that took place in the dark age. 
Using the constraint on the annihilation parameter imposed by the Planck experiment [64] ,
we compute the limits over the semi-annihilation cross section for a wide range of channels. To do so, we calculate numerically the efficiency function using the routine available in [63] , and we use the Pythia 8 package [47] to compute the energy spectrum.
Now we have summarized the datasets relevant to our reasoning will exhibit the limits below.
Results
In this section, we present our results where we set limits for the first time on the dark matter semi-annihilation cross section for several channels using experimental data from Fermi-LAT, H.E.S.S., Planck, and the prospects for the CTA consortium. We consider different channels, namely: 
Semi-Annihilation into Z boson
First of all, we show our results for the semi-annihilating channel DM + DM → DM + Z, where Z is the SM Z boson. In this case, in order to see the impact of the dark matter mass in the gamma-ray spectrum, we choose the dark matter mass to be equal to 91 GeV (solid line), 1000 GeV (dashed line) and 10000 GeV (dotted line) as displayed in the left-panel of Figure 1 . As expected the higher the dark matter mass the harder the gamma-ray spectrum. The shape of the spectrum remains the same though.
This information allows us to understand the sensitivity of each experiment. The Fermi-LAT experiment is more sensitive to gamma-rays at low energies, whereas H.E.S.S and CTA to larger energies. The energy threshold of the CTA is lower than the one present in H.E.S.S., making the CTA much more sensitive to gamma-rays at intermediate energies, and consequently at 100 GeV dark matter masses. Bearing in mind this information, one can understand why Fermi-LAT provides much stronger bounds on the semi-annihilation cross section for dark matter masses below 100 GeV. Figure 3 . Gamma-ray spectrum for DM annihilating in the Semi-φ (Higgs-like particle) channel, in the left panel, we fix the DM mass equal to 1000 GeV and in the right panel equal to 3000 GeV, in both cases varying the φ mass equal to 10 GeV (continuous lines), 100 GeV (dashed lines) and 500 GeV (dotted lines), as high as the DM mass is more energetic gamma-rays will be produced, the shape related to the φ masses depends on the branching ratio.
There are additional factors that go into the upper limits on the semi-annihilation cross-section shown in the right-panel of Figure 1 . This figure refers to the channel DM + DM → DM + Z. The large branching ratio of the Z boson into hadrons explains the poor CMB bounds. The CMB observable is related to electromagnetic energy injection which is less efficient when the decay channel is hadronic. This goes in the opposite direction of gamma-ray telescopes. For this reason, for m DM < 1 TeV Fermi-LAT reports the best limits, while H.E.S.S. is more restrictive for m DM > 1 TeV. The projected CTA sensitivity to the semi-annihilation into DM, Z is very important to test this scenario since it will yield the most stringent bounds for m DM > 200 GeV.
Semi-Annihilation into Higgs
For the semi-annihilation case DM + DM → DM + h, where h is the SM Higgs boson, the gamma-ray spectrum follows the same behavior as for the Z boson, dominated by hadronic channels. In the left-panel of Figure 2 we display the energy spectrum for m DM = 125, 1000, 10000 GeV, which exhibits a continuum emission and a peak at the end of the spectra due to the branching fraction of the Higgs in γγ [65] .
The results are quite similar to the DM +DM → DM Z scenario with gamma-ray telescopes rendering the strongest bounds.
Semi-Annihilation into Higg-Like Particles
Now, we will present experimental limits on the semi-annihilation into Higgs-like particles, DM + DM → DM + φ, where φ is a Higgs-like scalar field with a different mass. This scalar couples to all fermions, in the same way, the SM Higgs. The only difference is its own mass which we vary. In Figure 3 , we show the gamma-ray spectra for m DM = 1000 GeV (left-panel) and m DM = 3000 GeV (right-panel). In each case, we provide the energy spectra for three different values masses of the Higgs-like particle, m φ = 10 GeV (continuous lines), m φ = 100 GeV (dashed lines) and m φ = 500 GeV (dotted lines). As we expected, the spectra is harder for larger dark matter masses, and the change on the spectra due to the φ particle mass depends on the branching ratio, for example, the peak due to the branching ratio in γγ is visible when m φ = 100 GeV, but not in the other cases, this is due to the suppressed branching in γγ.
In the Figure 4 , we present the upper limits in the annihilation cross section versus the dark matter mass for the φ mass equal to 10 GeV, 100 GeV and 500 GeV, respectively. The behavior of the curves follows the same pattern like in the standard Higgs case, with the CMB bound not being competitive with the other indirect searches. In addition, increasing the mass of the scalar field φ, for instance, for the φ mass equal to 100 GeV and 500 GeV, we can see a cut in the limits in the dark matter mass, this is due to energy conservation. For the same reason we can notice that for light φ, the limits extend to light dark matter masses as well. Once again, CTA will yield the best gamma-ray limits for dark matter masses above the few hundred GeV.
Semi-Annihilation into Leptophilic and Leptophobic Scalars
Our last analysis concerns semi-annihilation into leptophilic scalars, DM + DM → DM + φ, where φ is a leptophilic scalar decaying 100% into e + e − , µ + µ − , or τ + τ − , or leptophobic with φ decaying exclusively into bb. For each channel, we vary the mass of the scalar in order to see the impact in the results. In the Fig, 5 , we show our results for the case which φ decays only into e + + e − . In the left-panel, display the gamma-ray spectrum fixing the dark mass in 3000 GeV and varying the φ mass from 10 GeV (continuous lines), 100 GeV (dashed lines), up to 500 GeV (dotted lines). The larger the φ mass the harder the gamma-ray spectrum. In this setup, the difference is very modest though. This reflects directly in the upper bound on the semi-annihilation cross section as shown in the right-panel of Figure 5 . In a similar vein, we show the results for predominant decays into muons in Figure 6 . Notice that CMB limits are rather strong for these channels because of the large electromagnetic energy injection.
It is typically assumed for dark matter annihilations into charged leptons CMB constitutes the best probe. If we take a look at the right-panel of Figure 6 , in particular the result for m φ = 10 GeV, we notice that Planck limits are indeed the strongest ones for m DM < 100 GeV. However, taking m φ = 100 GeV, in the mass region 100 GeV < m DM < 400 GeV, the gamma-ray limits from Fermi-LAT as stringent as the ones from Planck. Furthermore, for m DM > 400 GeV, the limits from H.E.S.S. are much stronger than those based on CMB measurements. Therefore, this naive assumption that CMB bounds are the most restrictive annihilations into charged leptons does not necessarily apply to semi-annihilations. This highlights the importance of considering orthogonal indirect detection probes.
For semi-annihilations into scalars, where the scalar decays into taus, we find the upper limits shown in Figure 7 . The CMB bounds weaken because of the hadronic decays that produce lots of gamma-rays via pion production. The upper bounds from H.E.S.S. exclude ∼ 10 −25 cm 3 /s for m DM ∼ 1 TeV. The prospects for CTA are quite amazing regardless of the final state involved and probe much lower masses compared to H.E.S.S. due to the different set of telescopes adopted capable of measuring gammarays at much lower energies [66] Lastly, in Figure 8 , we show our upper limits on the semi-annihilation DM + DM → DM + φ with φ →b + b, in the left-panel, the gamma-ray spectrum fixing the dark matter mass in 3000 GeV and varying the φ mass in 10 GeV (continuous lines), 100 GeV (dashed lines) and 500 GeV (dotted lines). In this case, the production ofbb which quickly hadronize producing charged and neutral pions whose decay yield lots of gamma-rays making the results stronger. In this scenario, it is visible the impact of changing the φ mass for low energy photons. The energy spectrum for m φ = 10 GeV is softer than the one for m φ = 500 GeV. This is visible in the right-panel of Figure 8 where one can notice that the upper bound on the semi-annihilation cross section for m φ = 500 GeV (dotted curve) is always below the one for m φ = 10 GeV (solid line). On the other hand, for m φ = 10 GeV, one can place limits on the semi-annihilation cross section down to ∼ 10 GeV. The CMB limits for this hadronic channel becomes deadened as explained earlier.
Anyway, it is clear from our results that in order to solidly probe semi-annihilating dark matter, one needs to go beyond one dataset. The upper limits obtained from Fermi-LAT, Planck and H.E.S.S. data are quite complementary to one another, covering different mass regions and semi-annihilation modes.
Conclusions
In most dark matter models, the parameters that govern the self-annihilation processes are the same that dictate the scattering rates at underground laboratories. Direct detection experiment has placed stringent bounds on the dark matter scattering cross section, disfavoring several dark matter models. One way to alleviate the tension between the null results from direct detection is to invoke semi-annihilation, which can be quite relevant. In this way, one can potentially break the degeneracy between direct detection and dark matter self-annihilation. That said, in the absence of experimental limits on semi-annihilations we used different datasets stemming from gamma-ray observations from Dwarf Spheroidal Galaxies, the Galactic Center and CMB to derive the first upper bounds on the dark matter semi-annihilation cross section for semi-annihilations into Z, Higgs, Higgs-like, Leptophilic and Leptophobic scalars over a wide range of masses. Moreover, we presented the CTA prospects for each case and explored the complementary aspects of each experiment and dataset. Our findings represent the strongest bounds on the semi-annihilation cross section, excluding σv ∼ 3 × 10 −26 cm 3 /s for m DM = 20 GeV, for semi-annihilation into leptophobic scalars, for instance.
